Abstract. This work describes the chemical activation of a coke using two different activating agents in order to investigate their behaviour as electrodes in supercapacitors. A coke was chemically activated with two hydroxides (KOH and NaOH) under nitrogen flow, at a constant mass hydroxide/coke ratio of 2 and temperatures of 600, 650 and 700 ºC. All the samples were characterized in terms of porosity by N 2 sorption at 77 K, surface chemistry by temperature programmed desorption (TPD) and electrical conductivity. Their electrochemical behaviour as electric double layer capacitors was determined using galvanostatic, voltammetric and impedance spectroscopy techniques, in an aqueous medium with 1M H 2 SO 4 as electrolyte. Large differences in capacitive behaviour with the increase in current density were found between the two series of activated samples. The different trends were correlated with the results obtained from the TPD analysis of the CO-type oxygen groups. It was found that these oxygen groups make a positive contribution to capacitance finding a good correlation between the specific capacitance values and the amount of these oxygen groups was found for both series.
Introduction
Chemical activation is now considered as an efficient technique for preparing microporous active carbons. Several advantages make it better than physical activation for this purpose, namely: it is a single-step process, high burn-offs can be reached in a short time, it gives rise very high specific surface areas and a well-developed microporosity with a controlled micropore size distribution. However, chemical activation shows some disadvantages of chemical activation process, such as the corrosiveness of the process and the washing stage 1 .
6KOH + 2C 2K + 2K 2 CO 3 + 3H 2 6NaOH + 2C 2Na + 2Na 2 CO 3 + 3H 2 aromaticity and cristallinity of the carbonaceous precursor [10] [11] [12] . Nevertheless, the overall reactions of these precursors with carbonaceous materials are similar as can be seen from equations Eq 1 and Eq 2 10 .
Eq 1 Eq 2
In the present paper, a coke was activated with KOH and NaOH following a procedure in which the only parameter allowed to vary was the temperature of activation. The objective of this work is to study the effect of temperature on the resultant activated materials in order to compare and optimize their behaviour as electrodes of supercapacitors.
Experimental Section

Preparation of the activated carbons
A coke obtained from a coal tar pitch at 500°C for 4 h under nitrogen, with 100 % mesophase content, was used as raw material. It was ground and sieved to a particle size of less than 400 μm. Chemical activation was performed using KOH and NaOH as activating agents. The activated carbons were obtained by means of physical mixing. The coke was mixed, by stirring, with the activating agent (anhydrous NaOH or KOH) at a weight ratio of 1:2. The resulting mixture was then carbonized.
Carbonization was carried out in an electric furnace. The samples were heated (2.3ºC.min -1 ) from room temperature, under a nitrogen flow rate of 500 ml.min -1 , and then kept at different final temperatures (600, 650 or 700 ºC), for 1 hour, before being cooling down under nitrogen.
The pyrolyzed samples were washed repeatedly with a 3 M solution of HCl and then with distilled water until a pH of 6.5 were obtained in order to remove chloride ions. Once the activating agent was removed, the resultant materials were dried at 110ºC for 24 hours.
The activated carbons produced at the different temperatures were designated as NaOH-600, NaOH-650, NaOH-700, KOH-600, KOH-650 and KOH-700, where the letters refer to the activating agent and the numbers to the carbonization temperature. Porous texture characterization was carried out by physical adsorption of nitrogen at 77 K. Isotherms were obtained on an ASAP 2020 Micromeritics apparatus using around 50 mg of sample in each experiment. The pores were classified according to IUPAC recommendations 13 into micropores (< 2 nm width), mesopores (2-50 nm width) and macropores (> 50 nm width). The apparent surface area was determined from the N 2 -adsorption isotherm using the BET equation. The total micropore volume (V N2 ) was calculated by applying the Dubinin-Radushkevich equation 14 to the N 2 adsorption isotherms, and the total pore volume was obtained from N 2 adsorption when P/Pº = 0.99. The volume of mesopores was calculated by subtracting the total micropore volume (V N2 ) from the total pore volume. The microporous surface area was obtained from the equation:
where L 0 represents the average micropore width 15 .
Chemical characterization
The activated carbons were characterized by elemental analysis. Carbon, hydrogen, sulphur and nitrogen contents were determined using a LECO-CHNS-932 microanalyzer. The oxygen content was obtained directly using a LECO-TF-900 furnace coupled to the same microanalyzer.
To characterize the surface chemistry of all the samples, temperature programmed desorption (TPD) experiments were performed in a U-shaped quartz cell coupled to a mass spectrometer in order to determine the amount and type of the oxygenated functionalities. In these experiments about 50 mg of sample was heated up to 1000 ºC, at a heating rate of 10 ºC.min -1 , under a helium flow rate of 50 mL.min -1 .
Electrical conductivity
The electrical conductivity of the activated samples was determined using a four-point method 16 .
Measurements were performed at various pressures up to 40 MPa. These were calculated using a loaded cell for high accuracy.
Electrode preparation and electrochemical characterization
For the electrochemical characterization, disk type electrodes were prepared using 10 wt.% of polyvinylidene fluoride (PVDF) as binder and 90 wt.% of active material. The materials were mixed and pressed up to 450 kg for 15 min. The diameter of each electrode was 12 mm. Hence, each electrode had a geometric surface area of 1.13 cm 2 .The total electrode weight used for the measurements was about 30 mg. The electrodes were dried overnight before the cell was assembled. An aqueous solution of 1 M sulphuric acid was used as electrolyte, and so gold disks were used as current collectors in order to eliminate parasitic reactions. Glass fibre disks were employed as separators.
The electrochemical tests were performed in a Swagelok ® cell, commonly used for testing electrode materials in electrochemical capacitors. This consists of two tightly screwed cylinders that act as current collectors for the two electrodes, to ensure good electrical contacts and a high reproducibility of results.
The electrochemical measurements were conducted in a Biologic multichannel potenciostat.
Voltammetry experiments at a scan rate of 1 to 50 mV.s -1 , galvanostatic charge/discharge tests in a voltage range of 0 to 1 V and impedance spectroscopy tests from 100 KHz to 1 mHz were carried out to assess the electrochemical behaviour of the activated materials. The capacitance values were expressed in Farads (F) per mass of active material present in the lightest electrode.
Results and discussion
Chemical characterization
The activation yields for the KOH-activated samples were rather similar for all temperatures studied, about 75%, whereas the yields for the NaOH-activated samples were in all cases ~ 65%.
The elemental composition of the activated carbons obtained in this study is shown in Table 1 . It can be observed that, for both series, the oxygen content is significantly higher at lower activation temperatures. In order to clarify these results, both the KOH-and the NaOH-activated samples were characterized by TPD. Figs. 1 and 2 show the TPD profiles corresponding to the studied samples.
The surface oxygen groups on the carbon materials decompose upon heating, producing CO and CO 2 at different temperatures. It is known that CO 2 evolves at low temperatures as a consequence of the decomposition of acidic groups such as carboxylic groups, anhydrides or lactones 17, 18, 19, 20 . The evolution of CO occurs at higher temperatures and is originated by the decomposition of basic or neutral groups such as phenols, ethers and carbonyls 17, 18, 19, 20 .
The results of TPD ( Table 2) indicate that, in both series, the amount of CO evolved was larger than that of CO 2 . They also show that the lower the carbonization temperature, the greater the amount of oxygen groups. The decrease in the amount of CO and CO 2 evolved with the carbonization temperature is due to the increase in the extent of activation with the rise in temperature, according to equations (1) and (2). This means that, during activation higher intrapore hydrogen concentrations are formed, which destabilize and react with the oxygen surface groups 21 .
Moreover, the samples chemically activated with NaOH have a higher CO-and CO 2 -type group content than the KOH activated samples. These results are consistent with the data obtained by elemental analysis.
Porosity characterization
The N 2 adsorption isotherms obtained at 77 K for the KOH and the NaOH activated carbons are presented in Fig. 3 . All the samples exhibit Type I isotherms according to the IUPAC classification 13 .
This is characteristic of microporous solids, there being a sharp increase in the amount of nitrogen adsorbed at low relative pressures until a plateau is formed.
The parameters of the porous texture of both series of activated carbons calculated from the isotherms are presented in Tables 3 and 4 .
It is interesting to note that the capacity of the samples activated with NaOH to adsorb nitrogen is hardly affected by the reduction in carbonization temperature. g -1 for 600 ºC). Moreover, KOH activation can give rise to higher microporous materials under the same experimental conditions than NaOH activation.
It can also be seen from Fig. 3 that the isotherms of the NaOH-samples show a steady increase in nitrogen adsorption at higher pressures, and some hysteresis in the desorption branch, which is indicative of the presence of mesopores. This is consistent with the data obtained from the isotherms. In both series, it can be seen that the samples activated with NaOH have a higher mesopore volume than the KOH-activated samples, as one might expect from the shape of the isotherms. In general terms, the higher the carbonization temperature, the higher the mesopore volume in both series of samples.
Electrical conductivity
The activated carbons obtained at the higher temperatures show the best conductivity as shown in Figure 4 . This increase in electrical conductivity upon activation occurs because activation removes the most disorganized parts of the precursor 23 . The porous carbons with the highest conductivity are those prepared with NaOH as activating agent. Table 5 contains the specific capacitance values estimated from the galvanostatic discharge at a constant current intensity of 2 mA (this corresponds to a current of about 65 mA.g -1 ).
Electrochemical properties
To calculate the specific capacitance (F.g -1 ) from the galvanostatic experiments, the values of current applied (mA) are multiplied by the discharge time (s). The charge (q) obtained is then divided by the range of voltage (V) in which the capacitor is discharged. Taking into account the two electrode system, the capacitance of a single electrode is obtained multiplying the above result by two and dividing by the mass of the smaller electrode. Capacitance can be related to the mass of the electrode or to the mass of the active material. In our case, capacitance is always expressed in Farads per active carbon material. In order to calculate from the cyclic voltammetry measurements, the capacitive current (A) is divided by the scan rate (V.s -1 ). The specific capacitance of a single electrode is C = 2 C cell /mass in the active material of the smallest pellet. Figure 5 shows the dependence of the specific capacitance values on the current density for both series of activated samples. The galvanostatic experiments showed that activation with KOH at lower temperature leads to specific capacitance values that are highly dependent on current density. In fact, for the sample activated at 700 ºC the capacitance values decrease with the increase in current density (in the range studied) by only 40%, while this reduction is over 90% for the other two carbons (Table 5 ).
However, the samples activated with NaOH show a rather different behaviour. Capacitance decreases with current density to a similar extent for all the samples. Moreover, for both series of activated carbons, the sample with the highest capacitance at 2 mA is not the sample with the highest BET surface area. Therefore other factors, apart from the surface area, must be contributing to the enhancement of capacitance. Figure 6 shows the voltammogram profiles of all the activated samples. Samples KOH-650 and KOH-600 show a marked deviation from the ideal rectangular shape typical of cyclic voltammograms.
However, samples activated with NaOH exhibit a quasi-rectangular shape in the voltammograms.
The differences between the two series may be due to the accessibility of porous network to the ions or to the type of chemical reactions occurring on the carbon surface. For all the samples studied, the average pore size was higher than 0.7 nm, while the ions used for this study had a Stokes radius lower than 0.24 nm (radius for the solvated species). Therefore, the problem of accessibility of the ions must be discarded as the reason for the different behaviours, as demonstrated elsewhere for aqueous solutions 22 . Therefore, only differences in faradic contribution can explain the divergent behaviours.
Cyclic voltammetry in a three-electrode configuration is an excellent technique for studying the presence of pseudocapacitive phenomena. Materials with pseudocapacitance show redox peaks related
to electron transfer reactions. The voltammograms in Figure 7 show the redox processes corresponding to samples KOH-650 and KOH-700. It should be noted that these redox reactions occur both in the cathodic and anodic regions, which means that capacitance is used in the symmetric cell.
For a deeper understanding of the influence of the oxygen functionalities on the capacitance values, we tried to correlate the specific capacitance (capacitance divided by the BET surface area) with the amount of surface oxygen groups desorbed as CO (also divided by the BET surface area too) 23 ( Figure   8 ). An excellent correlation between specific capacitance and the amount of CO-type groups was found, indicating that these oxygen groups make a positive contribution to the capacitance of the porous carbons, as reported. 23, 24, 25, 26, 27 .
The reason for the positive contribution to capacitance is either due to the improved wettability of the carbon material by the electrolyte, especially in the case of aqueous solutions, as a result of which the ions have better access to microporosity, or to the faradaic process involving oxygen groups that contribute to pseudocapacitance 23 . These oxygen surface groups are mainly hydroxyl, carbonyl or quinone complexes which can undergo through the well-known mechanism for the quinone/hydroquinone redox pair (Eq 3).
Eq 3
It has been suggested that oxygen functionalities are detrimental to the behaviour of supercapacitors as charge and discharge voltages may alter the surface oxygen groups, producing a loss in capacitance 28 .
All of the capacitors were cycled in a galvanostatic regime of 8.84mA.cm -2 (270 mA.g -1 ) in order to assess their durability. A good cycling behaviour was obtained for NaOH-samples and for KOH-700, with a reduction in the capacitance values of only about 17% after 6000 cycles. On the contrary, the long-term cycling for KOH-650 and KOH-600 was rather poor, with a reduction of about 60% and 75%, respectively, after 6000 cycles. For these samples, the large contribution of pseudocapacitance negatively affects the long-term behaviour of the supercapacitor, as expected 29 The different behaviour of the capacitance of the activated samples on the current density may also be related to their differences in electrical conductivity. As can be seen from the impedance spectra ( Fig.   9 ), samples activated with KOH at lower temperatures show a large semicircle in the mid-high frequency zone, which is related to the high intrinsic electrical resistance of the activated carbon 30 , and the presence of faradaic reactions. This resistance results in a high kinetic dependence on faradaic fenommena with current density. However, the NaOH-activated carbons impedance spectra do not show a semicircle in the mid-high frequency zone, which indicates a better resistive behaviour of the material. This is consistent with the ohmnic drop obtained in the electrochemical analysis (0.5 V for the ohmic drop in the charge-discharge test for the NaOH-samples, and ~ 4 V for KOH-650 and KOH-600).
Conclusions
The TPD results showed that, at the lower activation temperatures, samples activated with NaOH have a higher oxygen content than those activated with KOH.
The porosity characterization results showed that all of the activated carbons produced are essentially microporous. KOH activation produces highly microporous materials, whereas when NaOH is used as activating agent, a material with a higher mesopore volume is produced. For both the NaOH and KOH series, it was found that the BET surface area increases with temperature.
The influence of the activation temperature on the electrochemical characteristics of the KOH-and NaOH-activated carbons is rather different. With NaOH as activating agent, the activated carbons show a similar electrochemical behaviour at all the activation temperatures. However, the samples activated with KOH at temperatures lower than 700 ºC displayed a strong resistance due to the high pseudofaradaic contribution, resulting in an electrochemical behaviour that is highly dependent on the current density. The results show that CO-type oxygen groups make a positive contribution to capacitance, a good correlation being found between specific capacitance and this particular type of oxygen group.
The marked deviations in capacitive behaviour with current density for the KOH-650 and KOH-600 samples indicate that electrical conductivity is an important parameter in double layer capacitor performance. The electrical conductivity tests showed that the higher the activation temperature, the higher the conductivity obtained. Fig 1. TPD curves corresponding to CO desorption in KOH-and NaOH-activated samples.
FIGURE CAPTIONS
Fig 2.
TPD curves corresponding to CO 2 desorption in KOH-and NaOH-activated samples. 
